Cytochromes P450 catalyzing the oxidation of xenobiotic and endogenous natural compounds are widely distributed among living organisms from animals to bacteria. 1) In ascomycete fungi, P450 enzymes have been reported to be involved in various biocatalytic conversions of sterol derivatives 2) and liposoluble compounds such as benzo(a)pyrene, 3) alkane, 4) and benzoic acid, 5) and their genes have been cloned and analyzed. In the basidiomycetes, cytochrome P450 genes have been isolated and characterized from the protobasidiomycete Ustilago maydis 6) and the basidiomycetous yeast Trichosporon cutaneum. 7) Only fragments of P450 genes were isolated from the homobasidiomycetes such as Pleurotus pulmonarius, 8) Phanerochaete chrysosporium, 9) and Agaricus bisporus. 10, 11) Recently, a complete P450 gene was cloned from the homobasidiomycete Coprinus cinereus, and this gene (named eln2) was shown to be related to elongation of the stipe of fruiting body of C. cinereus. 12) Our group has previously isolated a novel gene, shp1 (DDBJ W EMBL W GenBank Accession No. AB015310) from the homobasidiomycete Lentinula edodes, which appears to encode a 74-amino-acids protein with a P450 heme-binding domain.
13) The 5?-preceding region of shp1 contained a short repeat sequence (LESR1) that was highly interspersed over the L. edodes genome. 13) LESR1 is transcribed together with the shp1 sequence to generate a single transcript. Northern-blot analysis showed that the shp1 sequence (and LESR1) is (are) actively transcribed in the mature fruiting body of L. edodes. So we attempted to isolate P450 gene(s) from L. edodes and to compare this (these) with shp1. As described below, we cloned three cytochrome P450 genes from L. edodes, and one was a defective gene. Two active P450 genes and shp1 had considerable similarity in the sequences encoding the heme-binding and meander domains. The expression patterns of the two active P450 genes in the fruiting development and in part of the fruiting body were analyzed by quantitative RT-PCR, showing that the primordium and the stipe of fruiting body contain larger amounts of the transcripts than other parts.
Materials and Methods
Strain, media, and culture conditions. The dikaryotic strain FMC2 of L. edodes 14) was used in all of our experiments. The FMC2 strain was cultured in YMG medium (0.4z yeast extract, 1z malt extract, 0.4z dextrose) at 259 C for isolation of the mycelial cells. The medium used for fruiting-body formation was sawdust-corn bran medium (4:1, v W v) in water in a ratio of 35:65. The mycelia were grown at 259 C for 12 h in the dark and 12 h in light during 2 months, and then fruiting-body formation was induced by lowering the temperature to 189 C. Total cellular DNA (20 mg each) prepared from L. edodes dikaryotic strain FMC2 14) was digested with EcoRI (lane 1) or Pst I (lane 2), size-fractionized by 1z agarose-gel electrophoresis, and transferred to a nylon membrane. The membrane was hybridized with the probe at 659 C (panel A) or at 589 C (panel B) for 16 h and autoradiographed according to previous methods. 15) 2184 R. AKIYAMA et al.
Cloning of L. edodes genomic DNA region containing the cytochrome P450 gene cluster. Southern hybridization was done by the method previously reported. 15 ) A genomic DNA library was prepared by insertion of a size-fractionated EcoRI-or HindIIIdigested genomic DNA of L. edodes FMC2.
14) The genomic DNA, which was prepared according to the previous method, 14) was put the EcoRI-or HindIIIcleaved Charomid 9-36 vector, 16) followed by transformation of E. coli DH1 with the packaging mixture. 16 ) These libraries were screened using 32 P-labeled probes of the 0.3-kb shp1-coding sequence 13) amplied by PCR method (for the EcoRI-derived library) and the 0.9-kb EcoRI-Pst I fragment (for the HindIII-derived library) (see probe 2 of Fig. 2 ). Previously published conditions 15) were used for the colony hybridization work.
Screening of cDNA library. The cDNAs synthesized using poly (A + ) RNAs that were actively expressed in the primordium of L. edodes FMC2 were inserted into the EcoRV site on pCR-script SK (+) (Stratagene) to construct the cDNA library. This primordium cDNA library was screened by colony hybridization using the 32 P-labeled probes of the 3.5-kb HindIII-HindIII fragment (for Le. cyp1 and Le. cyp2) and the 0.9-kb EcoRI-Pst I fragment (for Le. cyp3) (see probe 1 or probe 2 of Fig. 2 , respectively).
DNA sequencing. Plasmids containing a nested series of deletions of the genomic DNA fragment were constructed using the Kilo-Sequence Deletion Kit (Takara, Japan) according to the supplier's instructions. Both strands were sequenced using a Thermo Sequenase cycle sequencing kit (Amersham Pharmacia Biotech) on a LI-COR DNA sequencer (Aloka).
Quantitative RT-PCR of the transcripts of L. edodes P450 genes. The reverse transcription reactions using ReverTra Dash (Toyobo) were done according to the manufacturer's instruction except that the PCR ampliˆcation was done under the standard conditions (959 C, 1 min; 559 C, 1 min; 729 C, 2 min) by rTaq DNA polymerase (Toyobo). The nucleotide sequences of the primers used were: Le. cyp1 forward, 5?-ATCTTCCTGCGTAACTTTTTCATTG-TGTTACGG-3?; Le. cyp1 reverse, 5?-TTACCT-ACTGGGTGTTCGTCGGCATC-3?; Le. cyp2 forward, 5?-CTTCCTTTGCTCCTTTTCACTGTACC-AG-3?; Le. cyp2 reverse, 5?-TTATCAACTGGG-TGTTCACCAGCGAC-3?; uck1 forward, 5?-ATT-GTCTGATGCTCTCCATCTTCACTCC-3?; uck1 reverse, 5?-GCGGTAGAGCCAGAAAGAAGTTT-AGC-3?. By using the uck1 (UMP-CMP kinase) primer set, the uck1 cDNA sequence (0.7 kb) should be ampliˆed.
17) The PCR products were subcloned into pBluescript II SK (+) (Stratagene) and sequenced.
Results and Discussion
Cloning and nucleotide sequence analysis of the DNA fragments of three cytochrome P450 genes
In order to clone the P450 gene(s) from L. edodes, the genomic DNA was digested with EcoRI or Pst I and the resulting digests were put through Southern hybridization at higher (659 C) and lower (589 C) temperatures using the probe of the shp1 coding sequence. 13) As shown in Fig. 1A , two signals each were detected in the two digests at 659 C: 1.6 kb and 4.0 kb for EcoRI, and 2.5 kb and 3.9 kb for Pst I. At 589 C (Fig. 1B) another 8.9-kb signal was observed in the two digests. Since the previously cloned shp1-coding region contains neither EcoRI nor Pst I sites, the two signals each that were detected at 659 C are considered to be from the cloned shp1 and probably its allele. So we attempted to clone the 8.9-kb EcoRI fragment. Screening of the genomic DNA library using the 32 P-labeled shp1 sequence resulted in an isolation of the 8.9-kb EcoRI-EcoRI fragment (clone 1 of Fig. 2 ). Nucleotide sequence analysis suggested that the cloned 8.9-kb fragment contains the sequences of Fig. 2 ) by screening the genomic HindIIIderived library with the 32 P-labeled 0.9-kb EcoRIPst I fragment (probe 2 of Fig. 2) . To isolate the Le. cyp1 and Le. cyp2 cDNAs, the primordium cDNA library was screened using the 32 P-labeled probe of the 3.5-kb HindIII-HindIII fragment (see probe 1 of Fig. 2) . Five positive approx. 1.8-kb cDNA clones were obtained. Nucleotide sequence analysis showed that the three clones contain a 1500-bp ORF encoding 500 amino acids and the two clones contain a 1497-bp ORF encoding 499 amino acids. The former three were found to be Le. cyp1 cDNA and the latter two to be Le. cyp2 cDNA. Le. cyp1 and Le. cyp2 genes were shown to be interrupted by twelve small introns (46-83 bp) and their nucleotide sequence data will appear in the DDBJ W EMBL W GenBank databases under Accession No. AB045779 and AB049963, respectively. By screening of the primordium cDNA library with the probe of the 0.9-kb EcoRI-Pst I fragment, three Le. cyp3 cDNA clones were obtained and their nucleotide sequences were the same. Comparison of the nucleotide sequences of the cloned genomic DNA and cDNA showed that the Le. cyp3 gene is a defective P450 gene in which one base was deleted and two stop codons were generated within the expected active Le. cyp3 structural gene (see Fig. 2 ). So further analyses and experiments were done for Le. cyp1 and Le. cyp2.
Comparison of the amino acid sequences of Le. cyp1 and Le. cyp2 gene products (Le. CYP1 and Le. CYP2) and the other fungal P450 proteins
The amino acid sequences of Le. CYP1 (500 amino acids) and Le. CYP2 (499 amino acids) proteins showed 87z identity. They were compared with those of the other fungal P450 proteins using the FASTA algorithm. Correlation of Le. CYP1 and Le. CYP2 with the L. edodes shp1 expressed product (SHP1 protein), which is mentioned in the Introduction, will be described later. The results showed that the Le. CYP1 and Le. CYP2 proteins have 32-33z identities with C. cinereus ELN2 (CYP502; 524 amino acids) 12) and 27-28z identities with Aspergillus parasiticus ORDA 18) (CYP64; 528 amino acids) and A. ‰avus ORD1 19) (CYP64; 528 amino acids) (Fig. 3) . The two P450 consensus sequences, which are called the heme-binding domain [
and meander domain [xPcxFxPEba] (a; aromatic amino acids, b; basic amino acids, c; charged amino acids, x; any amino acids), 20) were conserved in Le. CYP1 and Le. CYP2. A proline-rich (Omura hinge) region present in the Nterminal portion of microsomal P450 proteins 20) was identiˆed in Le. CYP1 and Le. CYP2.
The L. edodes SHP1 13) was found to consist of the 74 amino asids sequence corresponding to the residues 386-459 (and the residues 385-458) of Le. CYP1 (and Le. CYP2). These sequences contain the meander domain and the heme-binding domain (Fig. 3) . There existed 76z identity between SHP1 and Le. CYP1 (or Le. CYP2) (Fig. 3) . There is a possibility that the shp1 gene is a pseudogene originating from the fourth P450 gene; the LESR1 was inserted into the site just upstream of the meander domainencoding sequence and the stop codon was generated at the site just downstream of the heme-binding domain. The cytochrome P450 Nomenclature Committee had suggested the designation of CYP510A2P (P; pseudogene) for SHP1. To conˆrm this possibility,ˆrst of all the analysis of the nucleotide sequence upstream of LESR1 in shp1 genes is necessary. Figure 4 shows the phylogenetic tree of Le. CYPs and six other fungal P450s generated by using a program, MEGA version 2.1. 21) Le. CYP1 and Le. CYP2 were represented as a new branch class in 64 clan of CYP superfamily that includes most of other basidiomycetous P450s. Thus, the Cytochrome P450 Nomenclature Committee judged that Le. CYP1, Le. CYP2, and SHP1 belong to a new type of P450 family. The Committee suggested the designation of CYP510A1 for Le. CYP1 and CYP510A3 for Le.
CYP2 (D. Nelson, personal communication).
Expression of Le. cyp1 and Le. cyp2 genes at diŠerent developmental stages of fruiting-body formation and in parts of fruiting body of L. edodes
Transcriptional expression of Le. cyp1 and Le. cyp2 genes at diŠerent developmental stages of fruiting-body formation of L. edodes was analyzed. As mentioned above, Le. cyp1 and Le. cyp2 cDNAs had almost the same sizes of ORF and were highly similar each other in the nucleotide sequences (88z identity). Therefore it was considered to be di‹cult The amino acid sequences of Le. CYP1 and Le. CYP2, C. cinereus ELN2 (Cc. ELN2, CYP502), 12) A. parasiticus ORDA ( Ap. ORDA, CYP64), 18) and A. ‰avus ORD1 ( Af. ORD1, CYP64) 19) are shown. The amino acid sequence of SHP1 (CYP510A2P) 13) (also see text) is shown at the corresponding position as a reference. The amino acid sequences were aligned to optimize matches. The numbers of the positions of amino acid residues to the start codon are given at left-and right-hand sides. A membrane-spanning region, proline-rich region, meander domain, and heme-binding domain 20) are shown. Amino acid sequences were aligned using ClustalX. 22) The phylogenetic tree was generated using MEGA version 2.1. 21) CYP502, CYP504, CYP64, and CYP66 are thought to belong to the 64 clan of the CYP superfamily.
1) The accession numbers of the six fungal P450s are: Coprinus cinereus CYP502, AB013443; Agaricus bisporus CYP66, AJ271707; Aspergillus parasiticus CYP64, AF017151; Aspergillus ‰avus CYP64, U81806; Emericella ( Aspergillus) nidulans CYP504, AJ132442; and Ustilago maydis CYP51, Z48164. to analyze each of the amounts of Le. cyp1 and Le. cyp2 transcripts by Northern-blot analysis. Thus quantitative RT-PCR (Fig. 5A) was done for the same amount (1 mg each) of the total cellular RNAs isolated from vegetatively growing mycelia, primordia, and premature fruiting bodies of L. edodes using the speciˆc primers of the 5?-and 3?-noncoding regions (unique sequence) of the two P450 genes. For the RT-PCR experiments, the speciˆc primers of the 5?-and 3?-coding regions for the uck1 gene 17) were also used. Northern blot analysis has shown that uck1 has unique expression pattern in the course of fruiting-body formation and in parts of the fruiting body.
17) The DNA fragments ampliˆed by the RT-PCR were analyzed by agarose gel electrophoresis. The RT-PCR products of Le. cyp1 and Le. cyp2 were detected at 20 cycles and 30 cycles of the reaction, respectively (Fig. 5) . In the case of Le. cyp1, the amount of the PCR product ampliˆed for the RNA from primordia (Pr) was larger than that from premature fruiting bodies (F), and the amount of the PCR product ampliˆed for the RNA from the vegetatively growing mycelia (M) was the smallest. In the case of Le. cyp2, the amount of the primordia (Pr)-derived PCR product was larger than those of the vegetatively growing mycelia (M)-and premature fruiting bodies (F)-derived PCR products (Fig. 5A) . These results showed that although they are transcribed to some extent in vegetatively growing mycelia and premature fruiting bodies, Le. cyp1 and Le. cyp2 genes are most actively transcribed in primordia. Kaneko et al. have reported that the uck1 gene is most actively transcribed in fruiting bodies and also actively transcribed in vegetatively growing mycelia.
17) The primordia contain a small amount of the transcript. As shown in Fig. 5A , the expected results were obtained from the uck1 experiment. These show that quantitative RT-PCR does work.
Quantitative RT-PCR was done to analyze the transcript levels of Le. cyp1 and Le. cyp2 genes in the stipe, the whole pileus, and gill tissue of the premature fruiting bodies, because the primordium had not yet developed into the stipe and pileus. The results pictured in Fig. 5B showed that the transcript levels of the two Le. cyp genes in the stipe (S) were higher than those in the whole pileus (Pi) and the gill tissue (G). The uck1 gene has been shown to be most actively transcribed in gill tissue. The whole pileus contains higher levels of the transcript, but the stipe contains a small amount of the transcript. 17) Consistent with the previous data of Nortern blot analysis, the amount of PCR product of uck1 was clearly high in gill tissue (G) and whole pileus (Pi) and low in the primordium (Pr) (Fig. 5B) .
In this study, we have cloned two active P450 genes, Le. cyp1 and Le. cyp2, from the basidiomycete L. edodes. They existed in tandem on the chromosome. The C-terminal regions including the hemebinding domain of these gene products Le. CYP1 and Le. CYP2 were very similar to the whole sequence of the shp1 gene product (SHP1 protein). The Le. cyp1 and Le. cyp2 were shown to be more actively transcribed at the beginning stage of fruiting-body formation. The stipe of the premature fruiting body contained larger amounts of both transcripts. This is interesting evidence on the connection to the report that the P450 gene is related to elongation of the stipe of the fruiting body in C. cinereus.
